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The glial cells missing regulatory gene of Strongylocentrotus purpuratus (spgcm) was proposed earlier to be the genomic target of Delta/Notch
(D/N) signaling required for specification of the mesodermal precursors of pigment cells. Here, we show that microinjection of a spgcm antisense
morpholino oligonucleotide results in larvae without pigment cells. Microinjection of an mRNA encoding a dominant negative form of Suppressor
of Hairless (dn-Su(H)) results in reduced levels of spgcm mRNA, disruption of mesodermal founder cell specification and failure to produce
pigment cells. These results confirm that this gene is required for pigment cell specification. Three cis-regulatory modules of the spgcm gene were
identified, which when incorporated in a GFP expression construct recapitulate the early expression pattern of this gene. Spatial expression of this
GFP expression construct is severely disrupted by co-expression of dn-Su(H) mRNA, confirming that spgcm is a direct target of canonical N
signaling mediated through Su(H) inputs. cis-perturbation analysis by mutation of consensus Su(H) sites identified a conserved motif paired-site
and a lone site in the middle module that function both to drive expression in SMC precursors which receive the Delta signal and to repress
expression in ectopic locations which lack this signal. While these Su(H) target sites provide the cis-regulatory architecture with the core of an N
signaling transcriptional response switch, both the on and off outputs from this module require additional inputs.
© 2006 Elsevier Inc. All rights reserved.Keywords: cis-regulation; Glial cells missing; Specification; Mesoderm; Pigment; Suppressor of Hairless; Notch; Transcriptional switch; Strongylocentrotus
purpuratusIntroduction
The endomesodermal gene regulatory network model (EM-
GRN) of the sea urchin embryo identifies numerous regulatory
nodes central to the mechanism of endomesoderm specification
(Davidson et al., 2002a,b; Davidson, 2006). The integrated
GRN framework generates testable predictions of regulatory
linkages and enables the observations of experimental embry-
ology to be related to the genomic regulatory apparatus
(Revilla-i-Domingo et al., 2004; Oliveri and Davidson, 2004;
Levine and Davidson, 2005). An essential input in the
mesodermal subsegment of the EM-GRN is a signal transduced
by the Notch receptor, which is required for induction of the
mesodermal founder cells that give rise to the secondary⁎ Corresponding author. Fax: +1 626 583 8351.
E-mail address: andyr@caltech.edu (A. Ransick).
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doi:10.1016/j.ydbio.2006.05.037mesenchyme of the embryo (SMCs; e.g., pigment cells and
blastocoelar cells; Sherwood and McClay, 1999; Sweet et al.,
1999, 2002; McClay et al., 2000; Ruffins and Ettensohn, 1996).
The inducing signal is the Delta ligand, expressed by the eight
large micromere daughter cells beginning at 7th cleavage. The
Delta signal is received directly by the adjacent cells of the
macromere lineage. Our objectives in the cis-regulatory analysis
presented here were to test the prediction in the GRN model that
the spgcm regulatory gene serves as a primary target for the
essential N signaling event; and if so, to demonstrate the cis-
regulatory logic by which the signal input is transduced into
correct spatial spgcm expression. The Suppressor of Hairless
(Su(H)) transcription factor is the major mediator of N signaling
(Wettstein et al., 1997; Morel and Schweisguth, 2000; Furriols
and Bray, 2001; Barolo and Posakony, 2002; Barolo et al.,
2002; Lai, 2004). Much of what follows concerns the functional
roles of the several important Su(H) target sites that these
studies revealed in the spgcm regulatory apparatus.
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missing, was one of several newly discovered sea urchin
regulatory genes identified by Ransick et al. (2002) as participants
in the process of endomesoderm specification.Wholemount in situ
hybridization (WMISH) revealed that spgcm transcripts first appear
in 14–16 cells of the Veg2 lineage of 7th cleavage embryos. These
constitute the most vegetal tier of macromere-derived cells, and
they are in direct contact with the large micromeres, the source of
the Delta signal (Sweet et al., 1999, 2002). The spgcm mRNA
remains detectable in themesenchyme blastula stage in the non-oral
portion of the SMC precursor domain and continues to be
expressed by the cohort of cells that during gastrulation ingresses to
differentiate into pigment cells. The temporal and spatial expression
pattern of spgcm is thus consistent with that postulated for a target
gene of N signaling. It was furthermore demonstrated that spgcm
expression is depleted >8-fold after microinjection of mRNA
encoding dn-N (Calestani et al., 2003), confirming this gene to be a
prime candidate in the EM-GRN as the target of the Delta/N signal
required for specification of pigment cells.
Here, we show that expression of the spgcm regulatory gene
is indeed required for specification of pigment cells, and we
describe a cis-regulatory analysis of the functional Su(H) target
sites of the control modules which govern the expression of this
gene. We show that the initial phase of spgcm expression in
SMC founder cells is a direct consequence of local Delta/N
signaling operating through Su(H) inputs into its cis-regulatory
target sites. These elements function essentially as default-off,
signaling-on, transcriptional toggle switches.Materials and methods
Morpholino substituted antisense oligonucleotide
To obtain an antisense morpholino substituted oligonucleotide designed to
block translation of spgcm mRNA, the coding strand sequence around the
translation initiation site (from −76 to +30) was provided to GeneTools, LLC.
The vendor provided ∼300 nmol of a column purified, salt-free, lyophilized
25mer (gcm-mo: 5′-GCTTTGGAGTAACCTTCTGCACCAT-3′), complemen-
tary to bases 0 to +25. Gcm-mo and the GeneTools Standard Control Oligo (C-
mo: 5′-CCTCTTACCTCACTTACAATTTATA-3′) were resuspended in RNase-
free water as concentrated stocks then stored at −20°C as 5 μl aliquots. Stock
aliquots were thawed and incubated for 5 min at 37°C just prior to use in
preparing injections solutions. Injection solutions containing 200 μM oligo and
125 mMKCl were made fresh for each experiment. Prior to experimental usage,
the effectiveness of gcm-mo was confirmed by demonstrating that it blocked
translation of a chimeric spgcm-GFP [green fluorescent protein] mRNA (Rast et
al., 2002).
Dominant negative-Su(H)
The full-length sequence of a sea urchin orthologue of Su(H) (from H.
pulcherrimus, unpublished data) was kindly provided by K. Akasaka (University of
Tokyo). This was used to confirm the identity and to characterize an
Strongylocentrotus purpuratus pSport-cDNA clone 149-E7 (C. Calestani, unpub-
lished data), recovered from an arrayed 20 h embryo cDNA library. Transcripts that
would be efficiently translated after microinjection were created by subcloning the
∼1.8 kb fragment encoding the entire Su(H) open reading frame into the pBluescript-
RN3 vector, which adds the 5′ and 3′ globin UTRs onto T3-driven transcripts
(Lemaire et al., 1995). An Su(H) construct that produces a dominant negative activity
was engineered using the QuikChange Site-Directed Mutagenesis Kit (Stratagene
#200519) to replace eight nucleotides in the region encoding the highly conservedDNAbindingmotifRLRSQTVSTRY,which resulted in four amino acid substitutions
that instead encoded ELESQTVSTES. Su(H) protein with this modification has been
shown to behave as a dominant negative formwith respect to blocking transcriptional
activation functions, in that DNA binding is blocked while interactions with N-
internal fragment are unaffected (Chung et al., 1994; Wettstein et al., 1997). Capped
mRNA for microinjection was synthesized in vitro using a T3Message Machine Kit
(Ambion) and was stored at −70°C as a concentrated stock until just prior to use.
BAC clones and Family Relations analysis
Screens of the S. purpuratus and L. variegatus BAC arrayed libraries
(Cameron et al., 2000, 2004) were made with an ∼300 b spgcm coding region
antisense-RNA probe. The positive BAC clones (Sp) 33-O18 and (Lv) 18-J3
were finally selected for sequencing after mapping had determined the gcm
coding regions to be centrally located within these BAC clones. To align and
search the BAC sequences for conserved elements, the Family Relations
software package (Brown et al., 2002) was used in pairwise view, with a 50 bp,
20 bp or 10 bp window size.
Making GFP reporter constructs and microinjections
Regions D (615 bp), E (350 bp) and P (456 bp) were PCR amplified from the
spgcm BAC 33-O18. The amplicons for D and P are slightly larger than the
conserved domains reported in the Results section, due to selection of primer
sites slightly outside of the conserved segments. A 1256 bp fragment was PCR
amplified from the EpGFPII plasmid (Cameron et al., 2004) containing the basal
promoter of endo16 with the Kozak sequence and the first 14 codons of cyIIa
fused in frame to the GFP coding sequence and SV40 poly-A sequence of
pGreenL3 (Gibco). The ‘Spacer’ (Sp) region is a ∼1 kb segment of genomic
DNA amplified from the spgcm BAC in a non-conserved region ∼10 kb
downstream of the 3′ end of exon six and is positioned in all fusion constructs
between E and P regions. These amplicons were then merged together by fusion
PCR followed by TA cloning into Pgem-T Easy vector (Promega). Several
additional constructs, which are discussed in the Results section, were produced
from this starting plasmid using a combination of site-directed mutagenesis and
fusion PCR. All PCR amplifications used the Expand High Fidelity PCR System
(Roche). As an additional precaution, the sequence of each new construct was
confirmed (with particular attention to the GFP coding sequence) prior to use in
microinjection experiments. In preparation for microinjection, all Pgem-T
plasmids were digested with EcoRI, cutting in two insert flanking sites to release
the intact insert from the plasmid backbone. Reporter construct microinjections
were carried according to well-established protocols (McMahon et al., 1985;
Arnone et al., 2004). Microinjection solutions were prepared just prior to use and
consisted of 30–35 ng EcoRI digested GFP construct DNA and 200–225 ng
HindIII digested genomic carrier DNA in 10 μl of 125 mM KCl. Injection
solutions of this composition, made with an ∼3.7 kb long D-E-Sp-P-GFP
construct, for example, delivered (per 2 pl injection) 800–950 copies of the
construct with a 7–8× molar excess of carrier DNA.
Scoring GFP expression
Embryos microinjected with GFP expression constructs that had successfully
progressed through cleavage stages (typically >90%) were collected from
injection plates around the time of hatching (15–18 h). Collected embryos were
rinsed with fresh, filtered seawater and transferred to relatively deep, U-shaped
wells (Falcon #3911). Under these culture conditions, the normally developing
cohort of each injected batch (again, typically >90%) would concentrate near the
surface of the culture well by virtue of establishing coordinated swimming
behavior. For analysis of GFP expression, about 110–130 normally developing
embryos (of each injected group) were transferred into an agar tunnel, prepared
with 2% Noble Agar in 60 mm petri dishes (Ransick and Davidson, 1995). Once
aligned in single file in the tunnels, GFP expression was scored in 21–23 h
mesenchyme blastulae by inspecting the rows of slowing, rotating embryos using
a Zeiss Axiovert 25 microscope, outfitted with appropriate epifluorescent
capabilities and a traversing, cooled stage. Each embryo was scored with respect
to the distribution of GFP-positive clones in one or more of five spatial
expression domains (see zones 1–5 in Fig. 4A).
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Extraction of mRNA, processing, cDNA synthesis and real-time PCR assays
(QPCR) were carried out on batches of 100–300 similarly treated embryos,
according to our established protocols (Ransick, 2004; Oliveri and Davidson,
2004). Whole mount in situ hybridization (WMISH) was performed as described
by Ransick (2004).
Results
Requirement of spgcm gene expression for pigment cell
specification
The normal expression of the spgcm gene is displayed by
WMISH in Figs. 1A–D, confirming our earlier study (Ransick
et al., 2002). The scattered stained cells of Fig. 1D are the
pigment cells, which by 48 h are located just underneath the
aboral ectoderm, but are absent from the oral ectoderm. As
evident in the light micrograph of the 72 h embryo in Fig. 1E,
these cells are distinguished in the late embryo by their deposits
of red echinochrome pigment. The aboral localization of
pigment cell disposition is presaged by the asymmetry of
expression of spgcm, which as illustrated in Fig. 1C, is by 24 h
already strongly polarized toward the aboral side, though
initially the gene is expressed symmetrically (Figs. 1A, B).
Our initial experiments were designed to determine the effect
of interference with translation of the SpGcm transcription factor
on pigment cell differentiation. After microinjection of 200 μm
spgcm antisense morpholino substituted oligonucleotide (gcm-
mo) into fertilized eggs, virtually all of the resulting embryos
exhibited a suite of SMC-related developmental defects: the
embryos showed a loss of egressing SMCs from the archenteron
tip during gastrulation, and the 3-day-old pluteus larvae were
devoid of pigment cells (Fig. 1F). Embryos injected with the
control morpholino (C-mo) developed normally, with no SMC-
related defects. This is exactly the same phenotype as is obtained
by injection of Delta antisense morpholino (D-mo) (Sweet et al.,
2002) or dominant negative Notch (dn-N) (Sherwood and
McClay, 1999; Calestani et al., 2003). The defect in pigment cell
development after gcm-mo injection was demonstrated to be at
the level of pigment cell specification (rather than just pigment
synthesis) by constructing embryo chimeras in which the vegetal
half was injected with both a lineage labeled and gcm-mo.
Consistently, in five such vegetally marked chimeras, no
mesenchyme cells were generated that migrated to the sub-
aboral ectodermal locations normally occupied by pigment cells
(data not shown; see Ransick and Davidson, 1998 for additional
details on embryo chimeras).
Gcm-mo injected embryos (18 h and 24 h stages) were
processed for QPCR analysis, revealing significant effects on a
known set of pigment-cell-specific genes (Rast et al., 2002;
Calestani et al., 2003). Specifically, mRNA levels were
consistently found to be at least ten-fold lower than controls
for polyketide synthase, flavin-containing mono-oxygenase,
sulfotransferase and dopachrome tautomerase. Significant
mRNA depletions were also found for spgcm itself (3- to 9-
fold lower) and forgatac (2- to 5-fold lower). The negative effect
on gatac expression resulting from gcm-mo injection suggeststhat the specification of blastocoelar cells (another SMC cell
type that is known to express gatac; J. Rast, unpublished) may
also be affected. Unfortunately, we so far lack differentiation
markers specific to this SMC cell type, and this has hampered
further investigation of the role of SpGcm in blastocoelar cells.
Other genes in the EM-GRN that were included in this set of
QPCR assays were found to be unaffected. A complete listing of
the EM-GRN genes assayed in gcm-mo embryos by QPCR
analysis, and numerical results, can be found at http://sugp.
caltech.edu/endomes/.
Three additional observations regarding the development of
gcm-mo injected embryos can be summarized as follows: first is
the occurrence of classic exogastrulae, possessing an everted
tripartite gut and relatively normal differentiation of ectodermal
features. While a few exogastrulae were obtained in all batches
of gcm-mo injected embryos, preliminary experiments in which
higher amounts (250–300 μm) of gcm-mo were injected
produced the greatest number of exogastrulae. A second
observation is the consistent appearance of some pigment cells
in most larvae after 1 week in culture, even though the three-day
pluteus larvae were uniformly albino. Such late appearing
pigment cells could reflect the de novo ontogeny of pigment
cells in postembryonic larvae. The third observation is the failure
of larvae developing from eggs injected with gcm-mo to increase
in size or survive during extended culture. By 2 weeks, gcm-mo
larvae were visibly dwarfed by their control siblings, though
presented with an ample food supply and though they possess, at
least initially, a morphologically complete apparatus for feeding,
including ciliated band, mouth with contractile esophagus and
differentiated gut. By 3 weeks in culture, most gcm-mo larvae
were dead or dying, exhibiting dramatic degeneration of the oral
field and ciliated band areas in their final days. Possibly, these
larval defects indicate additional postembryonic functions of the
spgcm gene.
Requirement of functional Su(H) for spgcm expression and
pigment cell specification
If canonical N pathway signaling is upstream of spgcm
expression (directly or indirectly), the functions of Su(H)
protein associated with signal-dependant transcriptional coacti-
vation will be required. These functions include complexing
with the N-intracellular domain (Nicd) and binding directly to
specific target sites in DNA (reviewed in Lai, 2004). This
section presents the results of a perturbation analysis involving
over-expression in embryos of a mutant form of Su(H) protein
unable to bind to Su(H) target sites but still capable of
interactions with Nicd (see Materials and methods). The altered
form of Su(H) acts as a sink for Nicd, thereby producing a
dominant negative effect on target genes activated by N
signaling (Chung et al., 1994; Wettstein et al., 1997).
In five separate trials in which the dominant negative Su(H)
(dn-Su(H)) mRNA was microinjected into fertilized eggs at
concentrations ranging from 125 to 250 ng/μl, the embryos
consistently developed the same SMC-related defects as seen
with gcm-mo, Delta-mo (Sweet et al., 2002) or dn-N (Sherwood
and McClay, 1999): SMCs did not egress from the archenteron
Fig. 1. spgcm mRNA localization by WMISH and early pluteus larva with
pigment cells. (A, B) Vegetal pole views showing spgcmmRNA localized in the
Veg2 daughter cells in a 12 h, 7th cleavage stage embryo and 15 h, 8th cleavage
stage embryo. (C) At the 24 h mesenchyme blastula stage, spgcm has become
restricted to aboral and lateral SMC precursors within the vegetal plate. (D) By
48 h, the spgcm positive cells have ingressed and taken up sub-ectodermal
positions exclusively under the aboral ectoderm. (E) 72 h normal early pluteus
larva with normal pigment cells. (F) Early pluteus larva with typical ‘albino
phenotype’ after gcm-mo microinjection into fertilized egg.
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pigment cells (Fig. 2). Embryos from a batch that uniformly
failed to specify pigment cells as a consequence of dn-Su(H)
injection were set aside at 24 h and used for QPCR andWMISH.
The QPCR assay, from a pooled embryo sample, revealed a five-
fold depletion of spgcmmRNA levels, while the individual 24 h
embryos processed for WMISH generally showed weaker
labeling for spgcm mRNA, in a reduced number of cells, than
did controls (Figs. 2A and D). Pigment cell specification thus
requires an Su(H) mediated response to Delta/N signaling, and
we can also conclude that expression of spgcm at 20% of normal
levels is insufficient for pigment cell specification.
Structure of the spgcm gene
A search of the sea urchin genome sequence confirmed that
only one copy of the gcm gene is present in S. purpuratus (in
contrast to the genomes of fruit flies, mice and humans, each of
which have two gcm genes). Sequences of BAC clones (Sp) 33-
O18 (∼57 kb) and (Lv) 18-J3 (∼102 kb) which include the entire
coding regions were obtained. All six exons are located within
an approximately 7 kb span that begins 18 to 20 kb from the 5′ends of both clones (Fig. 3A). Using Family Relations (FR)
software (Brown et al., 2002), the spgcm and lvgcm BAC
sequences from bases 1 to about 30,000 were scanned for
regions satisfying a criteria of 80% sequence conservation
within a 50 bp window (i.e., 40/50 bases identical). The FR
analysis identified three non-coding regions matching the search
criteria within the sequence upstream of exon 1 (Fig. 3A) and
found no matches in any intron sequences or in the 5 kb of
sequence immediately 3′of exon six. Relative to the first codon,
the size and positions of these conserved domains in the spgcm
BAC are as follows (Fig. 3B): a 425 bp segment directly abutting
the translation start (designated “P” for proximal); a 550 bp
segment located approximately 12.5 kb upstream (designated
“D” for distal); and a short conserved segment with 51/60 bases
conserved located approximately 8 kb upstream (designated
“E60” for enhancer). To determine if additional, smaller
conserved elements were present in the vicinity of E60, the FR
analysis was repeated on the immediately surrounding 2 kb
region using a 10 bp window (set at 100%) and 20 bp window
(set at 80%). These analyses indicated there are five additional
short conserved elements scattered across the 400 bases
immediately 3′of E60. Consequently, in preparation of GFP
expression constructs, we initially PCR amplified an ∼1170 bp
segment that extended the E60 segment ∼110 bp in the 5′
direction and ∼1000 bp in the 3′ direction. However, after
preliminary experiments, the original 1170 bp long E segment
was truncated to give a 351 bp fragment by removing 819 bp
from the 3′ end. All references hereafter to “E” or “Intact E” refer
to this 351 bp version, and they contain the original E60 element,
as well as two additional elements with 28/30 and 14/15 bases
conserved, respectively (Fig. 3C).
A complete GFP expression construct which recapitulates
spgcm activation in blastula stage SMC precursors
All data presented here regarding GFP expression constructs
were collected from early mesenchyme blastula embryos (21–
23 h). The spgcm expression domain at this stage is compact as
the SMC precursors are concentrated in the central portion of the
vegetal plate (Fig. 1C). The central domain of the vegetal plate is
relatively homogeneous, in that the PMCs have already
ingressed into the blastocoel. In addition, this stage is
appropriate for examination of the early phase of spgcm
expression since it follows by only a few hours the inductive
period of Delta/N signaling between PMC precursors and Veg2
lineage cells. We utilized a standardized scoring scheme (Fig.
4A), in which the SMC domain was designated as zone 1 and
ectopic GFP expression was divided among four additional
zones defined in terms of the early embryonic lineage elements
and the territories to which they give rise as follows: non-SMC
Veg2 lineage, zone 2; Veg1 lineage, zone 3; mesomere lineage
(i.e., future ectoderm cells), zone 4; PMC lineage, zone 5.
Primary data collected using this scheme could be compiled into
comparisons of the percentages of GFP-expressing (GFP+)
clones in each zone (e.g., Fig. 4B).
In the D-E-Sp-P-GFP construct shown in Fig. 3C, the
amplicons D615, E351, Sp1kb and P456 are fused together in that
Fig. 2. Effects of dn-Su(H)mRNAmicroinjection on endogenous spgcm expression and on development of SMCs. (A–C) Blastula, gastrula and pluteus development,
after microinjection into fertilized eggs of 0.13 ng/μl dn-Su(H) mRNA; (D–F) corresponding normal controls. (A) WMISH for spgcm mRNA showing loss of
expression in mesenchyme blastula stage embryo; compare to panel D. (B) Gastrula stage embryo illustrating loss of SMCs ingressing from the tip of the archenteron;
compare to panel E. (C) Early pluteus stage larva, illustrating the failure to make pigment cells; compare to panel F.
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1 kb in length was included between the P- and E-modules, as
a substitute for the 9 kb separating these two modules in the
natural configuration (Fig. 3B). This was found necessary in
preliminary experiments (not shown) in order to eliminate
artefactual ectopic expression. Expression of D-E-Sp-P-GFP
showed a strong preference for the SMC domain, as illustrated in
Figs. 4B and 5A. The overall average of data collected in 24
separate experiments shows that, among the GFP+ embryos,
94% have some SMC domain expression, though 22% also
displayed some ectopic expression (Table 1, columns 4 and 5).
Impressively, 99% of GFP+ embryos exhibited expression in
macromere-derived lineages (Fig. 4B, zones 1, 2 or 3).
Additional summaries of these control expression data are
shown in Table 1, columns 1–3, 6 and 7. The conserved
sequence segments selected from the spgcm BAC clone and
included in the D-E-Sp-P-GFP construct clearly contain
sufficient cis-regulatory information to drive a highly SMC-
enriched pattern of expression at the early mesenchyme blastula
stage. This construct was included as the “intact control” in all
trials.
Functions of individual cis-regulatory modules
In order to investigate the functionalities contributed by
individual modules, constructs Sp-P-GFP and E-Sp-P-GFP
were tested for their ability to drive GFP expression relative to
the profile obtained with the intact control construct. Expression
data are summarized in Table 1, illustrated according to zones of
expression in Fig. 4B and graphically represented according to
the overall expression pattern in Fig. 5.
P-module
The reporter construct Sp-P-GFP, containing P456 fused
downstream of Sp1kb, was designed to test P-module function inthe absence of D- and E-modules, while also serving to check
that Sp1kb provides no regulatory input. The averaged results
from two separate trials give an overall expression profile in
which just 34% of GFP+ embryos display some expression in
the SMC domain and 79% some ectopic expression (Fig. 5C;
Table 1, columns 4 and 5). Examining these data by zone of
expression reveals no preference for the SMC domain (zone 1)
over the endodermal or ectodermal domains (zones 2–4) (Fig.
4B). This indicates that P-module has no independently
functioning, SMC-specific control elements. However, the
observation that 78% of GFP+ embryos exhibited some
expression in macromere-derived cells (versus only 35% in
mesomere progeny) suggests some vegetal bias in the
distribution (or activation) of factors that drive expression
through Sp-P-GFP.
E-module
The E-Sp-P-GFP construct, in which E351 is fused upstream
of Sp-P-GFP, was designed to isolate the functionality added by
E-module. Averaged results from four separate trials show an
expression profile in which the SMC specificity is dramatically
improved. Of GFP+ embryos, 81% now had some expression in
the SMC domain and 56% displayed some ectopic expression
(Fig. 5B; Table 1, columns 4 and 5). An important result is that
95% of GFP+ embryos showed some expression in macromere-
derived lineages (zones 1, 2 and 3), in line with levels seen with
the intact control construct (Fig. 4B). Comparing E-Sp-P-GFP
with Sp-P-GFP, we note the very significant increase in SMC
domain expression. This is directly a result of the two-fold
increase in the zone 1, SMC-only category (Table 1, column 1;
Fig. 4C). Furthermore, noteworthy is a significant decrease in
ectopic expression in ectodermal domains (Fig. 4B, zones 3 and
4; Table 1, column 6), but without decrease of non-SMC, Veg2
expression (zone 2; Table 1, column 7). The conclusion is that
E-module provides the construct with significant SMC-specific
Fig. 3. Schematic representations of the genomic organization of the spgcm gene and GFP expression construct. (A) Interspecific sequence comparison using Family
Relations software. Searches of the BAC sequences around the L. variegatus and S. purpuratus spgcm genes (50 bp window, 80% identity required) reveal conserved
segments (red bars). Only about 30 kb of each BAC sequence is included in the diagram. The conserved regions include the six exons (blue and orange boxes 1–6) and
three additional segments, “D” “E,” and “P,” upstream of exon 1 (arrows); gray bars identify several common repeat sequences. (B) Expanded view of the spgcm gene,
showing the size and relative position of the non-coding conserved domains D, E and P and the six coding exons (red blocks). Cross-hatched portion of exon 1
corresponds to the 5′ leader of the mRNA, while orange shading shows sequence segments that meet the indicated search criteria for conserved elements. (C) Complete
spgcm GFP expression construct D-E-Sp-P-GFP, cited in text as the “intact control construct”, indicating its modular regulatory components. Note that E-module is a
351 bp segment that extends 109 bp 5′ and 182 bp 3′ from the originally identified 60 bp “E” element shown in panel B. The two asterisks indicate two additional
conserved elements in E-module that were identified using 10 bp and 20 bp search windows (see text for additional details).
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SMC domain and partly by repressing ectopic ectodermal
expression.
D-module
A specific repression function of D-module can be inferred
from comparison of the expression profiles of E-Sp-P-GFP and
D-E-Sp-P-GFP, constructs that differ only by the presence in the
latter of D-module. Thus, theD-E-Sp-P-GFP construct produces
a three-fold lower level of zone 2 expression than does E-Sp-P-
GFP (Fig. 4B; Table 1, column 7). This difference implies that
D-module contributes transcriptional repression in Veg2 pre-
endoderm cells outside of the SMC precursor domain.
The 94% SMC expression and 22% ectopic expression
produced by the intact control constructD-E-Sp-P-GFP establishes
the highest SMC expression and lowest ectopic expression that
reporter constructs made with these conserved segments yield.
Conversely, the 34% SMC expression and 79% ectopic expression
produced by the Sp-P-GFP construct establish the baseline values
in the absence of the regulatory input provided by D- and E-modules. These limits were used to produce two normalized
expression scales ranging from 0 to 1, by defining an “activation
value,” A, representing SMC expression, and a “repression value,”
R, representing the extent to which ectopic expression is prevented
from occurring. The normalized results forD-E-Sp-P-GFP thus are
given the values A = 1.0 and R = 1.0, and the normalized values for
Sp-P-GFP are set at A = 0.0 and R = 0.0. The respective A/R values
obtained for each of the modular constructs considered in this
section are given on the right hand side of Fig. 5.
Requirement for Su(H) input
To determine whether the spgcm cis-regulatory construct would
display the same requirement for Su(H) function as does the
endogenous gene, we co-injected D-E-Sp-P-GFP with dn-Su(H)
mRNA. The GFP expression profile was strongly affected in five
separate trials (Fig. 5D; Table 1). The normalized expression
values, A = 0.18/R = −0.02, reflect SMC expression at one-fifth the
level in the intact control construct and no capacity for repression of
ectopic expression above the level seen in Sp-P-GFP. This result
Fig. 4. Scheme for scoring construct expression and results for modular constructs. (A) Schematic depiction of the five spatial expression domains used for primary
scoring of GFP expression in injected embryos. Clones in the SMC domain are scored as zone 1; non-SMC, Veg2 lineage clones as zone 2; Veg1 lineage clones as
zone 3; mesomere lineage clones as zone 4; PMC lineage clones as zone 5. (B) Summary of expression data for constructs containing various spgcm cis-regulatory
modules (key inset), represented as percent of total GFP+ embryos with expression in each zone. Two points of interest highlighted in this data presentation are the
broad expression of the Sp-P-GFP construct (green arrows) and the specific repression of zone 2 expression provided by addition of D-module (red arrows). (C–E)
Merged DIC and GFP-fluorescence images of early mesenchyme blastulae illustrating canonical examples of category-specific expression, as compiled in Table 1,
columns 1–3; (C) SMC only, (D) SMC + ectopic and (E) ectopic only.
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gene by dn-Su(H) seen by QPCR. The expression construct
therefore includes Su(H) sites which directly or indirectly are
required for SMC expression. The large increase in the percentage
of embryos showing ectopic expression indicates that the accuracy
of expression of the construct also depends on Su(H) function. Su
(H) thus plays a dual role, as both a transcriptional activator and a
repressor of ectopic expression. This is a characteristic common to
several well-known direct N target genes (Castro et al., 2005),
thereby significantly strengthening the case that spgcm is a direct
target of Delta/N signaling. We note, however, that ectopic
expression of the endogenous spgcm gene is not seen on
introduction of dn-Su(H).
Potential Su(H) sites in the conserved cis-regulatory domains
Potential Su(H) binding sites were identified computation-
ally in the conserved segments, using YRTGRGAD as the
canonical consensus Su(H) binding site. Here, there areinvariant nucleotides in positions 3, 4, 6 and 7, and this
consensus conforms to the core RTGRGAR established for Su
(H) sites in the Drosophila, Enhancer of Split (e(spl)) complex
(Bailey and Posakony, 1995; Nellesen et al., 1999), as well as
the high affinity binding sites CGTGGGAA recognized by the
mouse Su(H) orthologue, RPB-Jκ (Tun et al., 1994), and the site
RTGGGAA recognized by the nematode Su(H), Lag-1
(Christensen et al., 1996). A total of six matches to the
canonical consensus site were identified within the conserved
segments D, E and P (Fig. 6A). Two sites were found that
matched in all eight positions (3-E: CGTGAGAA and 4-E:
CGTGGGAA), while four additional sites were identified by
allowing one mismatch. In each of these 7/8 matches, the non-
conforming nucleotide was a G occupying position one (1-P:
GGTGGGAT; 2-P: GGTGAGAA; 5-E: GATGGGAG and 6-D:
GGTGAGAA). There are three sites in E-module, two in P-
module and one in D-module (Fig. 6A). An additional match,
outside of the conserved segments, was identified in Sp1kb (7-S:
CATGGGAG). However, since the Sp1kb fragment is included
Fig. 5. Summary diagram of overall reporter construct expression containing various conserved modules and after co-injection of dn-Su(H)mRNA. For each construct
(named at left), the two horizontal bars give the overall mean percentage (averaged over all trials using that construct) of embryos with GFP expression in the SMC
domain (green) and of ectopic expression (red). The mean percentage values are also given numerically next to each bar, with the standard error of the mean indicated
by the brackets (these data are represented numerically in Table 1, columns 4 and 5). Arranged vertically along the right side of the figure (shaded rectangles) are the
normalized expression values for Activation (A) or Repression (R) below, with the color saturation equaling the numerical value. (A) Expression profile of the intact
control construct,D-E-Sp-P-GFP, which generates high SMC and low ectopic expression. These results define the 100% normalized values, i.e., A = 1.00/R = 1.00. (B)
Expression profile of the E-Sp-P-GFP construct (A = 0.78/R = 0.40), with strong A value but lower R value. (C) Expression profile of Sp-P-GFP, with low SMC and
high ectopic expression defines the 0% normalized values, thus A = 0.00/R = 0.00. (D) Expression profile ofD-E-Sp-P-GFPwhen co-injected with dn-Su(H) (A = 0.18/
R = −0.02) provides strong evidence that both A and R functionalities operate through Su(H) protein.
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SMC activation nor repression of ectopic activity (Fig. 5C), this
site is not functional.
The three Su(H) sites in E-module are unique. Sites 4-E and
3-E are the only 8/8 matches to the canonical consensus
sequence, and sites 5-E and 4-E occur as an inverted pair withinTable 1
Summary of cis-regulatory expression data
GFP construct # of
experiments
Category specific expression a
1 2
SMC
only b
SMC+
ectopic b
D-E-Sp-P-GFP 24 79 (±2) e 15 (±2)
E-Sp-P-GFP 4 44 (±4) 37 (±4)
Sp-P-GFP 2 21 (±6) 13 (±9)
D-E-Sp-P-GFP+ dn-SuH 5 20 (±5) 25 (±7)
D-Eall mut-Sp-P-GFP 6 32 (±5) 25 (±3)
D-Epair mut-Sp-P-GFP 5 49 (±8) 41 (±9)
D-Esolo mut-Sp-P-GFP 4 30 (±7) 54 (±8)
D-E-Spmut-P-GFP 2 74 (±7) 16 (±4)
Dmut-Ewt-Spmut-Pmut-GFP 1 73 (±0) 17 (±0)
Dmut-Emut-Spmut-Pmut-GFP 2 18 (±5) 38 (±0)
D-EL mut-Sp-P-GFP 2 30 (±4) 66 (±6)
D-E244-Sp-P-GFP 2 70 (±12) 25 (±16)
D-E316-Sp-P-GFP 2 56 (±13) 41 (±12)
D-E303-Sp-P-GFP 2 62 (±11) 30 (±7)
D-E321-Sp-P-GFP 3 80 (±7) 11 (±8)
D-E141-Sp-P-GFP 5 15 (±2) 19 (±6)
D-E183-Sp-P-GFP 4 17 (±4) 33 (±4)
D-E210-Sp-P-GFP 2 32 (±5) 23 (±4)
D-E234-Sp-P-GFP 5 42 (±4) 18 (±6)
a Compilations of data from GFP+ embryos based on three broad criteria as listed
b Percent GFP+ embryos with expression exclusively in the SMC domain (col. 1)
c Overall percent GFP+ embryos with any SMC expression (col. 4 = 1 + 2) or any
d Percent GFP+ embryos with ectopic expression in zones 3, 4 or 5 (col. 6) or on
e All values (col. 1–7) are mean percentages (avg. of all trials) of GFP-expressingthe 60 bp conserved segment originally identified by FR
analysis (Figs. 3A and B). The 5-E/4-E pair is similar to a
conserved sequence motif known from the N target genes e(spl)
m4 and e(spl)m8 in Drosophila and hes-1 in mouse. In these
elements, the pair of Su(H) sites is arranged in inverted
orientation, separated by an intervening sequence 16 or 17 basesOverall expression a Ectopic expression a
3 4 5 6 7
Ectopic
only b
% GFP+
in SMCc
% GFP+
ectopic c
% GFP+
Z 3, 4, 5 d
% GFP+
Z 2 d
6 (±1) 94 (±1) 22 (±2) 10 (±1) 11 (±1)
19 (±6) 81 (±7) 56 (±4) 20 (±5) 36 (±4)
66 (±4) 34 (±4) 79 (±6) 50 (±2) 29 (±4)
55 (±9) 45 (±10) 80 (±5) 56 (±2) 24 (±3)
43 (±4) 57 (±4) 68 (±5) 49 (±5) 20 (±2)
11 (±3) 90 (±4) 52 (±8) 34 (±7) 18 (±3)
16 (±3) 84 (±3) 70 (±7) 54 (±7) 16 (±4)
10 (±3) 91 (±3) 26 (±7) 17 (±4) 10 (±3)
10 (±0) 90 (±0) 27 (±0) 15 (±0) 15 (±0)
45 (±5) 56 (±5) 83 (±5) 69 (±5) 28 (±14)
4 (±2) 96 (±2) 70 (±4) 60 (±4) 10 (±0)
5 (±5) 95 (±4) 30 (±11) 13 (±4) 18 (±10)
4 (±1) 97 (±1) 45 (±13) 19 (±16) 26 (±3)
8 (±4) 92 (±4) 38 (±11) 23 (±7) 16 (±4)
10 (±2) 91 (±2) 21 (±7) 11 (±2) 10 (±6)
66 (±5) 34 (±4) 85 (±2) 64 (±5) 22 (±4)
50 (±3) 50 (±4) 83 (±4) 73 (±6) 10 (±3)
46 (±1) 55 (±1) 69 (±5) 51 (±7) 18 (±2)
40 (±6) 60 (±6) 58 (±4) 35 (±5) 23 (±8)
.
, SMC and ectopic domains (col. 2) or exclusively in ectopic domains (col. 3).
ectopic expression (col. 5 = 2 + 3); values also in bar graphs of Figs. 5, 7 and 8).
ly in zone 2 (col. 7); refer to Fig. 4A for map of expression zones.
(GFP+) embryos, with standard error of the mean in parentheses.
595A. Ransick, E.H. Davidson / Developmental Biology 297 (2006) 587–602long. The 5-E and 4-E sites form such an inverted pair with an
intervening sequence of 16 bp (Fig. 6C). The 1-P and 2-P sites
in P-module also constitute a pair, separated by 15 bp. However,
they fail to conform to the conserved motif in that both are
oriented in the same direction and neither matches the canonical
consensus site in all eight positions.
Functions of Su(H) sites in E-module
The Su(H) sites of E-module were mutated to determine if
this N signal transducer interacts directly with the cis-regulatory
DNA. If so, destruction of these sites should produce the same
results as co-injection of dn-Su(H) mRNA with the intact
construct, i.e., loss of SMC activation and increased ectopic
expression. Site-directed mutagenesis of the invariant bases
within Su(H) target sites destroys their ability to bind Su(H)Fig. 6. Consensus Su(H) sites in the spgcm cis-regulatory modules. (A) Diagrammat
construct (boxes 1–7). (B) Sequence for each of the seven identified sites, with namin
the canonical YRTGDGAD consensus sequence are shown in uppercase, bold text, w
bases and surrounding sequence shown in lower case. On the right, substituted bases i
sequence of E-module is shown, annotated to display the 5-E, 4-E and 3-E Su(H) si
conserved elements (gray text); bases replaced in mutated constructs (red text); and
internal deletions (black triangles with arrows).protein (Barolo et al., 2000; Christensen et al., 1996). As shown
explicitly in Fig. 6B, the invariant G in positions 4 and 6 of the
Su(H) consensus sites was substituted with C. Site 4-E was
mutated more extensively, so that nucleotides at all four of the
invariant positions (3, 4, 6 and 7) were substituted.
The results to this point indicated that Su(H) effects are
mediated primarily through E-module, and so a construct
lacking all three E-module Su(H) sites was built (D-Eall mut-Sp-
P-GFP, or Eall mut). The Eall mut construct was consistently
deficient in spatial regulation compared to the intact control
construct (Fig. 7B). Averaged over six trials, the normalized
expression profile was A = 0.38/R = 0.19: that is, compared to
the control, Eall mut had significantly reduced ability to drive
expression in SMC cells plus a severe loss of ectopic
repression function. These effects indeed closely resemble
those obtained by co-injection of dn-Su(H) mRNA with theic representation of the distribution of consensus site matches in D-E-Sp-P-GFP
g scheme used throughout the text; rc, reverse complement. Bases conforming to
ith gray highlighting indicating alignment of the invariant bases; non-conforming
n the mutated sequences are shown in red text and shading. (C) The entire 351 bp
tes (yellow); Sp/Lv conserved elements (bold text); non-conserved bases within
parts of E-module removed by terminal deletions (red and green triangles) or
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dence of cis- and trans-perturbation results demonstrates
conclusively that Su(H) is a direct and essential mediator of
the largely accurate spatial expression of the intact control
construct.
To determine whether the 5-E/4-E paired and 3-E solo Su(H)
sites within E-module are functionally distinct, we analyzed the
expression of GFP constructs in which just the 5-E/4-E paired
site or just the solo 3-E site had been mutated (Epair mut and
Esolo mut). Strikingly, both constructs generated expression
profiles with only modestly lower than normal SMC expres-
sion, but with high levels of ectopic expression (Table 1,
columns 4 and 5). Specifically, the Epair mut construct, averaged
over five trials, produced a normalized expression profile of
A = 0.93/R = 0.47 (Fig. 7C), while the averaged results from
four trials with the Esolo mut construct gave a normalized
expression profile of A = 0.83/R = 0.16 (Fig. 7D). These high A
values suggest that either of the Su(H) elements in E-module is
sufficient to mediate (nearly all) the SMC-specific activation
function. In contrast, all three of the Su(H) sites are required for
maximum suppression of ectopic activation. The 3-E solo Su
(H) site seems to be most important, as evidenced by the
similarly low R values of 0.19 and 0.16 obtained with Esolo mut
and Eall mut, respectively (Figs. 7B and D). The 5-E/4-E paired
site is also capable of mediating some repression, as shown by
an R value of only 0.47 when just this element is mutated (Fig.
7C). The paired site thus needs the solo site to exert any
repression at all, and the solo site needs the paired site to exert the
normal level of repression, indicating a functional interaction
among them.Fig. 7. Expression of cis-regulatory reporter constructs bearing Su(H) target site muta
(B–D) Constructs with mutations in the consensus Su(H) sites of E-module. Mutatio
values not significantly depressed unless all E Su(H) sites are mutated. (E–G) Co
Negligible effects on the expression profile are produced by Spmut alone or in the Dm
construct, with all known consensus site matches mutated, shows an equivalent A vFunctions of Su(H) sites in D and P modules
The strong effects on activation and repression obtained by
mutating the E-module Su(H) sites suggested that the three ‘7/
8 base’ consensus sites elsewhere (1-P, 2-P and 6-D) might
contribute only marginally to the overall control profile. The
roles of these sites were investigated by means of three
additional constructs (see Figs. 6A and B). In one construct, all
the Su(H) sites outside of E-module were mutated to generate
Dmut-Ewildtype-Spmut-Pmut-GFP or the Ewt construct. In a second
construct, mutations were made in every consensus site match,
thereby producing Dmut-Emut-Spmut-Pmut-GFP or the all Su
(H)mut construct. In the third construct, D-E-Spmut-P-GFP, or
Spmut, only, the 7-S site found in the 1 kb Spacer was mutated.
The Ewt construct and the Spmut construct (each one trial
only) gave expression profiles similar to the intact control
construct (Figs. 7E and F; Table 1). This result indicates that the
consensus site matches in D-module, P-module or the Spacer
execute no important role. The all Su(H)mut construct, averaged
over two trials, gives a normalized result of A = 0.37/R = −0.07
(Fig. 7G). The A = 0.37 activation level is the same as the
A = 0.38 level obtained with the Eall mut construct, indicating
again that the mutations to the non-E-module consensus sites
created no additional loss of SMC expression. On the other
hand, the R value of −0.07 obtained with the all Su(H)mut
construct (versus R = 0.19 in Eall mut) indicates that the “weak
sites” in D- and P-modules, and perhaps even the site in the
Spacer region, are capable of mediating some repression of
ectopic expression in the GFP reporter constructs. This
interpretation is supported by the R = 0.93 (rather than 1.0)tions. Symbolism is as described in legend to Fig. 5. (A) Intact control construct.
n of any of these Su(H) sites results in significantly lower R values, although A
nstructs with mutations in the Su(H) consensus sites in other locations. (E, F)
ut-Ewt-Spmut-Pmut-GFP construct. (G) Expression of Dmut-Emut-Spmut-Pmut-GFP
alue, but a lower R value, relative to Eall mut construct.
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indication that a slight drop in repression results from mutation
of consensus sites outside of module E.
Other essential sequence elements within E-module
In this section, we report the behavior of several additional
E-module variants, which reveal that additional inputs beyond
those mediated by Su(H) play an essential part in determining
the overall cis-regulatory output of this module. The specific
locations of the mutations and deletions utilized are indicated on
the annotated E-module sequence of Fig. 6C, and results are
summarized in Fig. 8 and Table 1. These E-module variants
were tested in the context of the otherwise complete control
construct.
The most dramatic case of an essential E-module element
that does not directly bind Su(H) is that of a sequence element
adjacent to the 5-E/4-E pair. In the EL mut construct (Fig. 8B),
ten bases were mutated in the conserved sequence element
immediately downstream of the 5-E/4-E paired site, resulting in
a normalized expression profile of A = 1.03/R = 0.16 (Fig. 8B).Fig. 8. Expression of cis-regulatory reporter constructs bearing other E-module mod
representation of E-module constructs illustrating the relative size and location of dele
triangles). (A) Intact E-module included in the control construct. (B, C) Constructs w
tan). The high ectopic expression in the EL mut (R = 0.16) indicates the conserved
function. (D–F) Constructs with deletions near the 3-E solo site. (G–I) Constructs w
large deletions indicate that normal E-module outputs reflect integration of multipleThis mutation causes a dramatic increase in ectopic expression,
mainly in ectodermal precursors (Table 1, columns 5–7), and
identifies a sequence element essential to the repression
functions mediated by the Su(H) sites. In contrast, the E244
construct, in which all E-module sequence upstream of the 5-E/
4-E Su(H) site pair was deleted, produced a normalized
expression profile of A = 1.02/R = 0.86, close to the control
(Fig. 8C). The only effect was a small increase in ectopic
expression. The role of sequences proximal to the 3-E solo site
was also tested by deletion. The E316 and E303 constructs (Figs.
8D, E) generated normalized expression values A = 1.05/
R = 0.60 and A = 0.97/R = 0.72, respectively, reflecting
moderate increases in levels of ectopic expression in both cases.
None of the modifications to E-module in the EL mut, E244, E316
or E303 constructs produced any significant effect on the overall
SMC expression (Figs. 8B–E). Nor did deletion of a highly
conserved 30 bp sequence element upstream of the 3-E solo Su
(H) site (Fig. 6C; Fig. 8F) produces any effect on either SMC or
ectopic expression.
An additional series of larger deletions of module E was also
tested. These are represented by constructs E141, E183, E210 andifications. Symbolism is as described in legend to Fig. 5. At left is a schematic
ted segments; conserved sequence elements (orange stripes) and Su(H) sites (red
ith modifications near the 5-E/4-E paired Su(H) site; mutated sequence (XX in
sequence adjacent to the 5-E/4-E paired site mediates an important repression
ith large terminal or internal deletions. The strong effects on A/R values in these
inputs mediated by elements that are broadly distributed in this segment.
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constructs included intact one or both of the critical Su(H)
elements. Nevertheless, compared to the intact control construct,
each construct in this set exhibits a low level of SMC expression
and a significantly elevated level of ectopic expression. The
extreme case in this group is the E141 construct, which gives a
normalized expression of A = 0.00/R = −0.11 (Fig. 8G), despite
the presence of the paired site. This type of result, in which both
activation and repression functions were significantly compro-
mised, was obtained throughout this deletion series. The general
conclusion is that E-module has an integrated organization. Not
only are the Su(H) sites that we have focused on in these
experiments required both for SMC-specific activation and
repressing ectopic expression, but so also are additional
sequence elements which are necessary in the aggregate for
normal function. E-module is not just a collection of
independently operating target sites; instead, both its positive
and negative cis-regulatory outputs require integration of
informational inputs from across the module.
Discussion
The spgcm gene, a central node of the mesodermal GRN
Previous work established the critical role of the Delta/N
signaling pathway for specification of mesodermal precursors
(SMCs) in sea urchin embryos (Sherwood and McClay, 1999;
Sweet et al., 1999, 2002; McClay et al., 2000). Here, we provide
definitive cis-regulatory evidence that the spgcm gene is the
direct target of the N pathway signal and that it is this gene
which is required to set in train the process of pigment cell
specification and differentiation following upon N activation.
The glial cells missing genes encode a unique class of
transcription factor (Cohen et al., 2003), and spgcm is the
single copy sea urchin member of that class. This gene is first
expressed in the mesodermal founder cells of 7th cleavage
embryos, and it continues to be expressed in the SMC
progenitor cells and later in the subset of SMCs that at
gastrulation ingress to differentiate into the pigment cells of the
pluteus larva (Ransick et al., 2002; Calestani et al., 2003). The
effects of the dominant negative Su(H) protein described in this
work indicate that spgcm is indeed the linchpin of the N
response system upstream of pigment cell specification.
Introduction of dn-Su(H) not only prevents normal spgcm
activation but also prohibits pigment cell specification (Fig. 2),
producing albino embryos just as does interference with spgcm
expression (Fig. 1). Expression of spgcm must occur at greater
than 20% of the normal level for specification of the
mesodermal founder cells to occur. The mutational studies
summarized in Figs. 6–8, and detailed in Table 1, prove that the
Su(H) target sites of cis-regulatory module E of the spgcm gene
are essential for SMC-specific activation. Thereby, we confirm
at the DNA sequence level that spgcm functions as a central
regulatory node in the mesodermal subsegment of the EM-GRN
(Davidson et al., 2003; Davidson, 2006).
The spgcm regulatory system transduces the presentation of
Delta ligand by the adjacent micromeres into a transcriptionaloutput, which initiates bifurcation of Veg2 macromere progeny
fates. Those Veg2 cells exposed to the signal become
mesodermal progenitors, and those arising outside of the
signaling area develop as endodermal progenitors. As now
resolved, the mesodermal GRN can be seen quintessentially
characteristic of Type I embryogenesis (Davidson, 1991, 2001):
it consists of a shallow regulatory hierarchy that accomplishes a
fundamental developmental decision by cis-regulatory infor-
mation processing at the spgcm gene, and thereupon it activates
the pigment cell differentiation gene battery (Calestani et al.,
2003).
In evolutionary terms, this use of the Delta/N/Su(H)
signaling pathway is another example of the specific redeploy-
ment of a device utilized across the Bilateria for countless,
distinct developmental purposes. The site at which this signaling
cassette was “plugged in” to the regulatory apparatus during
evolution of echinoid echinoderms (Davidson and Erwin, 2006)
may have been the spgcm cis-regulatory system. Thus, a novel
regulatory circuit in mesodermal and pigmentation GRNs
emerged in the echinoids, the only echinoderm group with a
micromere lineage to serve as source of Delta ligand.
Transcriptional toggle switch
The feature of the cis-regulatory architecture of spgcm that
accounts for its direct activation in response to Delta/N
signaling is the set of Su(H) sites in E-module. These sites
function at the core of a transcriptional switch that activates
expression in cells receiving the N signal. Specific expression in
SMCs of the control D-E-Sp-P-GFP cis-regulatory construct
was nearly wiped out in the presence of dn-Su(H) (Fig. 5D), just
as is expression of the endogenous spgcm gene (Fig. 2A). This
is a directly indicative result since the dn-Su(H) protein interacts
normally with the intracellular signaling moiety deriving from
the N receptor but cannot recognize and bind to its DNA target
sites. Therefore, it non-productively sequesters the intracellular
signaling moiety away from the endogenous Su(H). Given the
results, the mutant:normal Su(H) stoichiometry achieved in the
egg was evidently sufficient. At the DNA sequence level, our
attention was initially drawn to the inverted pair of Su(H) sites
in module E (Fig. 6, sites 5-E/4-E) as similar paired sites have
been found highly conserved in e(spl)/hes N target genes from
insects to mammals (Bailey and Posakony, 1995). However,
mutational analysis showed the lone Su(H) site (3-E),
positioned approximately 170 bp 3′ of the paired site, also to
be essential.
cis-regulatory investigation of the various Su(H) sites
revealed that the same sites execute another function besides
activation in SMCs, in response to N signaling. These sites
are also required to repress ectopic expression of the
regulatory constructs in all other cells. The dual behavior of
N response elements, activation in response to presentation of
ligand and repression otherwise, is their canonical property
(Bailey and Posakony, 1995; Morel and Schweisguth, 2000;
Furriols and Bray, 2001). The intact control cis-regulatory
construct responded to introduction of dn-Su(H) not only by
loss of SMC expression, but also by acquisition of
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results are quantitatively similar to those produced by
mutation of all the Su(H) sites in module E (Fig. 7). Thus,
the Su(H) sites of the spgcm cis-regulatory system, as in other
N responsive genes (op. cit.), act literally as a logic toggle
switch (Istrail and Davidson, 2005), a transcriptional control
element that can be thrown either way, though its default
condition is to act as a repressor.
The response of the endogenous gene and of the intact cis-
regulatory construct to dn-Su(H) is the same with respect to
failure of activation in the SMCs, but different with respect to
acquisition of ectopic expression. The endogenous gene is not
ectopically transcribed in ectoderm and Veg1 cells in the
presence of this reagent, while the cis-regulatory construct is
transcribed. Unfortunately, we cannot mutate the cis-regulatory
sites of the endogenous gene, but the results obtained with the
cis-regulatory construct indicate what would happen if we
could. The difference in the response to dn-Su(H) may be due to
the greater stability of multiprotein repression complexes on the
gene in situ than on the tandem array of expression constructs
incorporated in the genome, so that once normal Su(H) proteins
are located on their target sites they are “locked into” their
positions and prohibited from exchanging freely with dn-Su(H)
molecules, or maintenance repression complexes are formed
which no longer require Su(H) binding. This difference is
directly reminiscent of another observation made some years
ago: expression of exogenous cyIIIa reporter constructs could
be stoichiometrically competed down by introduction of excess
target site sequences, while the endogenous cyIIIa gene was
impervious to competition in the same embryos (Livant et al.,
1991).
Asymmetries in the switch function: roles of individual sites
We tested many different mutations of Su(H) sites and
surrounding elements of module E for both their specific SMC
activation function and their ectopic repression function (Fig. 7
and Table 1). Not only are these functions separable, but
different cis-regulatory features are required for activation as
opposed to repression. An illuminating summary of all these
data is shown in Fig. 9, where normalized activation function is
plotted against normalized repression function for each
construct. The diagonal of slope 1 beginning at the ordinate
intercept extends from failure of both activation and repression
to complete activation and repression. At or near the origin are
the constructs containing only the proximal module, “Sp-P”,
and the complete construct in the presence of dominant
negative-Su(H), “D-E-Sp-P+dn-Su(H)”. At the opposite end
are the complete construct D-E-Sp-P and the Ewt construct, in
which all the Su(H) sites in module E are left intact while those
outside of module E are mutated (Fig. 7F). The deletions E244
and E321 (Fig. 8) also retain complete function. Two
comparisons in Fig. 9 reinforce the conclusion that the Su(H)
sites in module E are the essential ones for all repression
activity, and for most though not all specific activation function:
Ewt and D-E-Sp-P give the same results, and so do the Eall mut
and the all Su(H)mut constructs which lack either all E-moduleSu(H) sites or all the Su(H) sites in P, D and Sp as well. Here,
however, is the first clue that repression and activation do not
always go hand in hand for All Su(H)mut and Eall mut are
completely deficient in repression, but each retains about 38%
of SMC expression, evidently due to other inputs than those
provided by Su(H) responses. The most striking evidence is the
result appearing in Fig. 9 for the mutation of the 3-E solo Su(H)
site, Esolo mut. This construct retains 83% of control levels of
specific activation but little ability to repress ectopic expression
(16% of control). With respect to repression, it performs no
better than if all the Su(H) sites in E-module are destroyed
(compare to Eall mut). The mutation of the 5-E/4-E paired site
instead, i.e., Epair mut, retains nearly all specific activation ability
and 47% of repression. Thus, the on mode of the toggle switch
acts in a site autonomous manner: either the paired site or the
solo site transduces the intracellular Nicd input and promotes
SMC expression at near control levels. But the ectopic
repression function, the off function of the switch, demands
the presence of all three E-module Su(H) sites. The 25% greater
repression function of Eall mut vs. all Su(H)mut suggests that the
other Su(H) sites contribute to repression as well, though not as
importantly as the E-module sites, and even though they are
inactive in signal transduction.
The active though nearly random expression of Sp-P (Table
1, Figs. 4B and 9) shows that the cis-regulatory system receives
a general activating input, perhaps biased a bit toward the
vegetal end of the embryo, which is the role of the default,
dominant repression system here considered to control. We see
that this role requires the integration of contributions from
multiple Su(H) sites, in contrast to the signal transduction role.
Moreover, at least one additional sequence seems specifically to
be required to generate the repression complex, for a construct
in which the conserved sequence adjacent to Su(H) site 4-E is
mutated, EL mut in Fig. 9 (see Fig. 8B), is totally devoid of
repression while retaining active signal transduction. Other yet
undefined elements may be necessary for the formation of
repression complexes as well since deletions of regions of
module E lacking any Su(H) sites (the E316 and E303 constructs
of Fig. 9) yield some ectopic transcription, though they all
execute specific activation just as do the controls.
Inputs in addition to the transcriptional Su(H) switch
A comprehensive analysis of the endo16 regulatory system
established experimentally the functional value of every target
site (Yuh et al., 1998, 2001, 2005). This study showed that
many sequence-specific transcription factors contribute to
output, in addition to those the variable inputs of which drive
the spatial and temporal pattern of expression. That the same
is probably true for module E of the spgcm gene is suggested
by the functional deficiencies of the regional deletions of
module E illustrated in Fig. 9 for constructs E234 (which lacks
no Su(H) sites), E183, E210 and E141. In addition, there are at
least five other aspects of regulatory function independent of
the N-signal-dependent E-module switch, which are as
follows: (i) we have already mentioned the general activation
function executed through P module. (ii), D module (or
600 A. Ransick, E.H. Davidson / Developmental Biology 297 (2006) 587–602possibly another domain) contributes an additional spatial
repression function. Fig. 4B and Table 1 show that fusion of
D module into the E-Sp-P-GFP construct results in a three-
fold drop in the level of expression specifically in non-SMC
Veg2 cells. Other morpholino antisense oligonucleotide
(MASO) evidence demonstrates that pigment cell specifica-
tion is specifically repressed in the Veg2 endoderm by the
FoxA factor which is expressed there, thus preventing those
cells from responding to later N signals by activating spgcm
(Oliveri et al., 2006). As module D contains two FoxA target
sites, this function may be mediated there, though that
remains to be seen. (iii) The spgcm gene is specifically
repressed in the PMC precursors through a regulatory linkage
downstream of the PMC-GRN regulator Alx1 (Oliveri and
Davidson, 2004) since Alx1 MASO introduction results in
expansion of spgcm expression into the micromere lineage (P.
Oliveri and E. Davidson, unpublished data). The location of
this input has yet to be determined. (iv) The spgcm cis-
regulatory system produces an obvious down-regulation of
expression in the oral quadrant of the SMC precursor domainFig. 9. Plot of the normalized expression levels for all constructs discussed here. Act
are calibrated to the expression profile of the intact control construct (D-E-Sp-P: A
(Sp-P: A = 0.00/R = 0.00) as representative null function. This plot consolidates the
of Fig. 5 (black or red circles), Fig. 7 (green circles) and Fig. 8 (blue circles). Thesoon after PMC ingression (compare Figs. 1B and C). This
function produces an aboral–oral polarization of the SMC
precursors, definitively specifying pigment cell precursors
which maintain spgcm expression. This function occurs
downstream of hnf6 in the oral ectoderm GRN since
radialization of the embryo by introduction of hnf6 MASO
maintains higher levels of spgcm expression (Otim et al.,
2004) and precludes the aboral–oral polarization (A. Ransick,
unpublished WMISH data). (v) An N-independent mechanism
of maintaining spgcm expression must exist because tran-
scription persists in pigment cell precursors after PMC
ingression removes the Delta ligand source. This mechanism
is likely to include positive feedback autoregulation since
QPCR data from embryos bearing spgcm MASO display
diminished levels of spgcm mRNA.
In summary, progressive restrictions occur in the pattern of
spgcm expression, reflecting the evolving regulatory landscape
of this territory as it undergoes refinement from an embryonic
lineage with uniform regulatory status into a variety of specific
mesodermal cell types. Delta/N signaling, in concert withivation (y axis) and Repression (x axis) are terms defined in the text. The scales
= 1.00/R = 1.00) as representative of max function and the P-module construct
normalized expression profiles originally summarized in the right hand column
labels are the same as used throughout the text and other figures.
601A. Ransick, E.H. Davidson / Developmental Biology 297 (2006) 587–602repression in adjacent territories, determines where spgcm
expression will occur, thereby driving the early phase of SMC
specification. Prior to PMC ingression, all cells in the SMC
domain express spgcm and reflect a uniform initial specification
status. After PMC ingression and withdrawal of the signaling
input, transcriptional control of spgcm (and spgatac) is handed
off to SMC-specific regulatory subcircuits.
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